The alcohol dehydrogenase from Methylobacterium organophilum, a facultative methane-oxidizing bacterium, has been purified to homogeneity as indicated by sodium dodecyl sulfate-gel electrophoresis. It has several properties in common with the alcohol dehydrogenases from other methylotrophic bacteria. The active enzyme is a dimeric protein, both subunits having molecular weights of about 62,000. The enzyme exhibits broad substrate specificity for primary alcohols and catalyzes the two-step oxidation of methanol to formate. The apparent Michaelis constants of the enzyme are 2.9 x 10' M for methanol and 8.2 x 10' M for formaldehyde. Activity of the purified enzyme is dependent on phenazine methosulfate. Certain characteristics of this enzyme distinguish it from the other alcohol dehydrogenases of other methylotrophic bacteria. Ammonia is not required for, but stimulates the activity of newly purified enzyme. An absolute dependence on ammonia develops after storage of the purified enzyme. Activity is not inhibited by phosphate. The fluorescence spectrum of the enzyme indicates that it and the cofactor associated with it may be chemically different from the alcohol dehydrogenases from other methylotrophic bacteria. The alcohol dehydrogenases of Hyphomicrobium WC-65, Pseudomonas methanica, Methylosinus trichosporium, and several facultative methylotrophs are serologically related to the enzyme purified in this study. The enzymes of Rhodopseudomonas acidophila and of organisms of the Methylococcus group did not cross-react with the antiserum prepared against the alcohol dehydrogenase of M. organophilum.
The alcohol dehydrogenase from Methylobacterium organophilum, a facultative methane-oxidizing bacterium, has been purified to homogeneity as indicated by sodium dodecyl sulfate-gel electrophoresis. It has several properties in common with the alcohol dehydrogenases from other methylotrophic bacteria. The active enzyme is a dimeric protein, both subunits having molecular weights of about 62,000. The enzyme exhibits broad substrate specificity for primary alcohols and catalyzes the two-step oxidation of methanol to formate. The apparent Michaelis constants of the enzyme are 2.9 x 10' M for methanol and 8.2 x 10' M for formaldehyde. Activity of the purified enzyme is dependent on phenazine methosulfate. Certain characteristics of this enzyme distinguish it from the other alcohol dehydrogenases of other methylotrophic bacteria. Ammonia is not required for, but stimulates the activity of newly purified enzyme. An absolute dependence on ammonia develops after storage of the purified enzyme. Activity is not inhibited by phosphate. The fluorescence spectrum of the enzyme indicates that it and the cofactor associated with it may be chemically different from the alcohol dehydrogenases from other methylotrophic bacteria. The alcohol dehydrogenases of Hyphomicrobium WC-65, Pseudomonas methanica, Methylosinus trichosporium, and several facultative methylotrophs are serologically related to the enzyme purified in this study. The enzymes of Rhodopseudomonas acidophila and of organisms of the Methylococcus group did not cross-react with the antiserum prepared against the alcohol dehydrogenase of M. organophilum.
Bacteria capable of using one-carbon compounds to provide their carbon and energy requirements for growth have been described previously (16, 18, 29) . These organisms can be grouped into two categories. Obligate methylotrophs usually utilize methane and are absolutely dependent on one-carbon compounds as growth substrates. Facultative methylotrophs can grow on more complex organic substrates such as succinate or glucose in addition to onecarbon compounds. Most cannot oxidize meth-
ane.
An alcohol dehydrogenase (also called methanol dehydrogenase) plays a major role during growth of these organisms on methane or methanol; the enzyme catalyzes the oxidation of methanol to formate. Alcohol dehydrogenases have been purified from several facultative and obligate methylotrophic bacteria (2, 3, 8, 14, 21, 22, 26) . All have molecular weights in the range of 120,000 to 140,000. Absorption spectra have revealed maxima at 280 and 350 nm. Enzymatic activity was dependent on the presence of phenazine methosulfate (PMS) as an artificial electron carrier, ammonia was required for activity. Nicotinamide adenine dinucleotide (NAD+) was not reduced by the enzymes. High pH optima were observed. The enzymes exhibited broad substrate specificity for primary aliphatic alcohols and were also capable of oxidizing fornaldehyde to formate. Immunological and biochemical studies comparing the enzymes of an obligate methylotroph and a facultative organism have suggested a close relationship between these organisms in spite of differences in their carbon assimilation pathways (14, 15) .
We are currently studying a facultative methylotroph which can grow on methane, methanol, and more complex organic substrates. The alcohol dehydrogenase of this organism has been purified and biochemically characterized. Serological studies using crude extracts of several methylotrophs and antiserum prepared against this enzyme have been employed to provide information on the taxonomic position of this microorgamsm.
MATERIALS AND METHODS
Organisms and growth conditions. Methylobacterium organophilum strain XX (17) One-half of the dialyzed sample (3.5 ml) was applied to a column (1.3 by 25 cm) of diethylaminoethylcellulose (Whatman DE52) equilibrated with 10 mM Tris-hydrochloride buffer (pH 8.0); 100 ml of buffer was passed through the column until no further protein was eluted, as indicated by absorbance at 280 nm. The precipitate was removed by centrifugation, resuspended in a minimum volume of the Tris-hydrochloride buffer, and applied to a Bio-Gel A 1.5-m, 100-to 200-mesh column (1.3 by 35 cm). Tris-hydrochloride buffer was passed through the column. Fractions with the highest specific activity were pooled and stored under N2 at -20°C.
During purification, the enzyme preparation was protected from strong light and was constantly kept in the presence of N2.
The requirement of the enzyme for ammonia was examined under enzyme preparations purified in the absence of ammonia. The acid precipitation step was followed by diethylaminoethyl-cellulose chromatography. Fractions with the highest specific activity were assayed immediately and stored without further concentration. All solutions and buffers were prepared with distilled water that had been further deionized using a strong anion-strong cation mixed-resin bed provided by the Continental Deionized Water Service, Madison, Wis.
Cytochrome purification. The soluble c-type cytochrome was purified using method I described by Anthony (1) with one modification. Cytochrome fractions were concentrated by dialysis against 25% polyethylene glycol 20,000 instead of by ultrafiltration.
Protein homogeneity. The homogeneity of the enzyme and cytochrome preparations was determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis using the method of Laemmli (12) . Gels were stained using a series of isopropyl alcoholon November 6, 2017 by guest http://aem.asm.org/ Downloaded from acetic acid-water-Coomassie brilliant blue solutions as described by Fairbanks et al. (7) and were destained in 10% acetic acid (vol/vol).
Spectrophotometry. Absorption spectra were determined using a Cary 15 spectrophotometer. Fluorescence spectra of the active enzyme were measured in distilled water using an Aminco-Bowman spectrophotofluorometer.
Molecular weight determinations. The molecular weight of the active enzyme was determined by the slope-molecular weight method of Hedrick and Smith (9) . The enzyme and protein standards were subjected to electrophoresis in 6, 7, 8 , and 9% polyacrylamide gels. The slope of the plot of logarithm of relative mobility versus percent gel was plotted against the molecular weight of the proteins. Hemoglobin (68,000) (11), enolase (88,000) (20) , lactic dehydrogenase (135,000) (9), and catalase (250,000) (9) were used as standards. The subunit molecular weight was determined by SDS-gel electrophoresis, as described by Weber and Osborn (27) . Standards included cellulase (76,000) (30), bovine serum albumin (68,000) (27) , glyceraldehyde phosphate dehydrogenase (36,000) (27) , and trypsin (23,300) (27) .
The cytochrome was also stained for heme iron using the procedure of Clarke (5) . The active alcohol dehydrogenase was located in polyacrylamide gels using the nitroblue tetrazolium coupled assay described by Wadzinski and Ribbons (26) .
Immunological methods. Antiserum to the purified alcohol dehydrogenase was prepared using random-bred New Zealand rabbits. Two (Fig. 1) . The purification procedure represented a modification of that used by Patel et al. (14) to purify alcohol dehydrogenases from methylotrophic bacteria. Elimination of an ultracentrifugation step and utilization of a different ammonium sulfate fractionation procedure resulted in both a higher final specific activity and a greater yield. The equilibration of the diethylaminoethyl column with a lower concentration buffer, 10 mM rather (Table 2) . Secondary, tertiary, and cyclic alcohols also served as substrates. Formaldehyde was oxidized at half the rate of methanol.
(ii) Stoichiometry. The data in Table 3 suggest the complete conversion of methanol or formaldehyde to formate. The molar yields of reduced NAD formed in the formate dehydrogenase assays (and therefore the amounts of formate consumed in the assays) were equal to the original quantities of methanol and formaldehyde provided as substrates for the alcohol dehydrogenase. The amounts of oxygen consumed during the oxidations of methanol and formaldehyde that were allowed to go to completion indicated that formate was the only product of the reaction.
(iii) pH optimum. The pH optimum for enzyme activity was 10.0 to 10.5. The assay was not accurate at higher pH values since oxygen consumption (or dye reduction) occurred in the absence of enzyme at pH values higher than 10.5. Figure 2 shows the progress of reactions run at several pH's. At all pH's tested, the reaction rate was neither linear nor maximum immediately after methanol addition. The length of time that was required for it to reach a linear, maximum rate decreased with increasing pH. Assays run at pH values of 7.5 and 8.0 showed no oxygen consumption for at least 5 min and did not reach maximum activity until after 11 min.
(iv) Effectors. Ammonia was not required for, but did stimulate the activity of freshly prepared enzyme. The optimum concentration for stimulation was 20 mM NH4Cl. A good enzyme preparation showed a 2.5-to 4.5-fold stimulation. The amount of stimulation increased upon storage of the enzyme due to a gradual loss of the ammonia-independent activity. Methylamine enhanced activity to a lesser degree. NaCl, CaCl2, MgCl2, MnCl2, or LiCl2 did not affect activity (Fig. 3) .
Cyanide was found to inhibit the enzyme; 0.5 mM NaCN caused a 25% decrease in methanoloxidizing activity; 200 mM phosphate did not inhibit activity. ATP, ADP, AMP, phosphoenolpyruvate, methane, glyoxylate, or glycolate did not affect the enzyme.
(v) Kinetics. The apparent Michaelis-Menten constants for methanol and formaldehyde were determined using the double-reciprocal plot method of Lineweaver and Burk. A Km of 2.9 x 10' M was found for methanol; the presence of NH4Cl did not affect this value (Fig. 4) . The V, for methanol oxidation increased 2.5-fold in its presence. A Km of 8.2 x 10-5 M was found for formaldehyde.
(vi) Stability of the purified enzyme. Purification of the enzyme in the presence of strong light and air resulted in a preparation with low activity that was unstable to storage. The enzyme was also unstable when stored in a dilute solution (<5 mg/ml). When prepared under N2 and protected from strong light, the enzyme retained up to 70% of its ammonia-stimulated activity for up to 4 months if stored at -20°C. The ammonia-independent activity was lost after storage at -20°C for 2 Serological studies. A single precipitin line was formed in Ouchterlony plates when the crude extract of M. organophilum was crossreacted with the antiserum prepared against the purified alcohol dehydrogenase of the same organism (Fig. 5A ). This indicated specificity for the alcohol dehydrogenase. Figure 5 shows representative reactions obtained during the serological studies using crude extracts of several methylotrophs; Table 4 summarizes these results. The extracts of R. acidophila, Methylococcus capsulatus, Methylococcus strains 999 and BR, and one facultative methane oxidizer did not cross-react with the antiserum even though methanol-oxidizing activity was present.
The extracts of facultative methylotrophs, including M. organophilum and organism JB-1, and P. methanica formed precipitin bands that fused with each other to give reactions of complete identity. The extract of M. trichosporium formed a precipitin band that fused with those of the purified enzyme and the extracts of the facultative methane oxidizers, but spurs were formed with the precipitin bands of P. methanica and organism JB-1. The extract of Hyphomicrobium WC-65 formed spurs with all other cross-reacting extracts.
Presence of the enzyme in methane- grown M. organophilunL The rate of methanol oxidation by extracts of methane-grown cultures of M. organophilum was greater than that of methanol-grown cultures. Extracts of methane-grown cells formed a faint precipitin line when cross-reacted with the prepared antiserum (Fig. 5A ). This line fused with the precipitin lines of the purified enzyme and of the extracts of methanol-grown cells. Polyacrylamide gel electrophoresis of extracts of cells grown on methane and methanol and of the purified enzyme revealed the same pattern when stained for PMS-dependent methanol-oxidizing activity.
DISCUSSION
The NAD-independent alcohol dehydrogenase from a facultative methane-oxidizing bacterium is similar in size and subunit composition to the alcohol dehydrogenases from other methylotrophic bacteria. This enzyme, molecular weight 135,000, consists of two subunits with molecular weights of 62,000 each.
The alcohol dehydrogenase from M. organophilum, like the alcohol dehydrogenases from other methylotrophs, exhibits broad substrate specificity. It oxidizes short-chain primary alcohols nearly as quickly as methanol. In addition, it can slowly oxidize branched and cyclic alcohols, some of which have not been reported as substrates for previously described enzymes. The enzyme's Michaelis constants, 2.9 x io-5 M for methanol and 8.2 x 10-5 M for formaldehyde, are similar to those reported for other methylotrophic systems, with the exceptions of M. capsulatus Texas strain (14) and R. acidophila (21) .
PMS is required for activity of the purified enzyme. Unlike the other alcohol dehydrogenases, this enzyme does not have an absolute requirement for ammonia or methylamine for enzyme activity. The stimulation of activity by ammonia and the development of ammonia dependence after enzyme.storage suggests the ammonia may cause a conformational change in the enzyme.
Only two inhibitors of methanol-oxidizing activity have been reported. Phosphate inhibition of methanol oxidation in M. trichosporium and in P. methanica permitted investigators to measure methane oxidation by the accumulation of methanol (10, 24) . Phosphate also inhibited methanol oxidation in the facultative methanol oxidizer Pseudomonas AM1 (1). Since methanol oxidation in M. organophilum was not inhibited by up to 200 mM phosphate in assays of the crude extract or the purified enzyme, this enzyme appears to be different from these other enzymes. The enzyme was inhibited by cyanide, a property shared with the methanol-oxidizing system of M. capsulatus (6) .
The NAD-independent alcohol dehydrogenases exhibit high pH optima, usually around pH 9.0. The optimum for the enzyme purified in this study was higher. The enzyme of Pseudomonas C has also been reported to have a higher optimum, pH 10.4 (8) .
The absorption spectrum of the purified enzyme revealed the same maxima at 280 and 350 nm that have been reported for other alcohol dehydrogenases. The active enzyme was fluorescent, a property that was not observed for the enzyme from Pseudomonas M27 (4) and not previously reported for the enzymes from other methylotrophs. Anthony and Zatman (4) M. organophilum is a gram-negative, polarly flagellated, aerobic rod that fits classification as a type II methylotroph. Because of its ability to grow on methane in addition to methanol, dicarboxylic acids, and monosaccharides, one might predict a taxonomic position between the obligate and facultative methylotrophs. The serological studies coincide with this prediction.
R. acidophila is a photosynthetic bacterium. It is not a true methylotrophic organism, since methanol is not used as its energy source. Its alcohol dehydrogenase has a low affinity for methanol (21) . Its lack of cross-reactivity is consistent with the difference in this enzyme's function and biochemical properties. Organisms of the Methylococcus type are obligate, coccoid methylotrophs. They have recently been recharacterized as type X rather than type I organisms because of the presence of ribulose diphosphate carboxylase in M. capsulatus (R. Whittenbury, personal communication). Wadzinski and Rib- bons reported that the methanol-oxidizing enzyme in M. capsulatus was membrane bound (26) . Antiserum prepared against the purified enzyme from M. capsulatus was very specific and did not cross-react with the enzymes from facultative methylotrophs (15) . The current study also suggests that serologically different alcohol dehydrogenases exist in the Methylococcus organisms and the facultative methylotrophs. One yellow facultative methane oxidizer, organism fs.11, also possesses a serologically different enzyme. This organism does not grow on methanol.
The "pseudomonad" type of methylotrophic bacteria, whether obligate or facultative, have serologically similar alcohol dehydrogenases. Organism 4P, a type I facultative methylotroph (A. M. Pilch, unpublished data), and P. methanica, a type I obligate methylotroph, are included in this group even though their carbon assimilation pathways and guanine-plus-cytosine contents differ from the rod-shaped methylotrophs. The facultative methane oxidizers, including M. organophilum, and the facultative methanol oxidizer, organism JB-1, are pink-pigmented, rod-shaped organisms having guanineplus-cytosine contents in the range of 70 to 75% (A. M. Pilch, unpublished data).
M. trichosporium is an obligate, type II organism. Its enzyme possesses some antigenic determinants in common with the enzyme of the pseudomonad type of methylotroph. The fusion of the precipitin lines from M. trichosporium and the facultative methane oxidizers, but not from P. methanica or organism JB-1, suggests a divergence in this group. The serological difference in P. methanica coincides with a difference in the resting stages formed by these organisms. P. methanica forms an azotobacter-type cyst, M. trichosporium an exospore (28) . Organisn JB-1 differs from other members of this group in that it cannot oxidize methane. Hyphomicrobium WC-65, which is morphologically and physiologically distinct since it can use nitrate as a terminal electron acceptor for methanol oxidation, has only a partial complement in its alcohol dehydrogenase of the antigenic determinants that are found in the cross-reacting enzymes of the other methylotrophs.
